We study the energetics and dispersion of anomalous dimers that are induced by the Pauli blocking effect in a quantum Fermi gas of majority atoms near interspecies resonances. Unlike in vacuum, we find that both the sign and magnitude of the dimer masses are tunable via Feshbach resonances. We also investigate the effects of particle-hole fluctuations on the dispersion of dimers and demonstrate that the particle-hole fluctuations near a Fermi surface (with Fermi momentum kF ) generally reduce the effective two-body interactions and the binding energy of dimers. Furthermore, in the limit of light minority atoms the particle-hole fluctuations disfavor the formation of dimers with a total momentum kF , because near kF the modes where the dominating particle-hole fluctuations appear are the softest. Our calculation suggests that near broad interspecies resonances when the minority-majority mass ratio mB/mF is smaller than a critical value (estimated to be 0.136), dimers in a finite-momentum channel are energetically favored over dimers in the zero-momentum channel. We apply our theory to quantum gases of 
I. INTRODUCTION
Pairing of fermions or electrons in quantum condensed matter systems for long has been one of the most remarkable phenomena discovered in many-body physics [1] [2] [3] . It is also the fundamental issue in the so-called colorsuperconductivity phenomenon in the core of a neutron star [4] . Recent developments in the field of ultracold atoms, especially the observation of atomic Feshbach resonances, have further led to tremendous new opportunities of studying novel pairing correlations in quantum gases [5] [6] [7] [8] . Because of tunability of interactions and availability of a rich variety of alkali isotopes, cold gases have been turned into a marvelous, promising platform to study diversified pairing phenomena with unique correlations. Pairing properties near Feshbach resonances are mainly determined by, apart from scattering lengths, asymmetries in chemical potentials of the different atoms involved. Such asymmetries and consequently a very rich class of pairing phenomena are known either due to the imbalance in populations [6] [7] [8] [9] [10] [11] [12] [13] [14] or tunable mass ratios [15] [16] [17] [18] , or both. Moreover, differences in the quantum statistics of underlying atoms also contribute to the asymmetries in chemical potentials as in Fermi-Bose mixtures [19] [20] [21] [22] [23] [24] [25] [26] . Previous theoretical studies on Fermi-Bose mixtures have been focused on the formation of molecular Fermi surfaces near narrow resonances [27] or far away from resonances [28] , pair correlations [29] , and quantum and thermal depletion of condensates [30] .
A very closely related fascinating issue that has been challenging to the cold atom community is whether nearresonance two-body scattering in a channel with nonzero total momentum dictates the instability in interacting quantum mixtures. A major challenge in the studies of pairing phenomena in various quantum mixtures near resonances, unlike in the BCS-BEC crossover regime of a Fermi gas, is that there are more competing pairing schemes and possibilities of having higher order correlations; energetically it is quite difficult to differentiate competing scenarios near resonances. One natural approach is of course to perform a full-scale numerical simulation to resolve the issue. An alternative is perhaps to study few-body physics in the presence of a finite-density quantum gas and to gain insight on many-body correlations by exploring implications of few-body physics. A few interesting attempts have already been made along this direction. For instance, the properties of a single minority atom submerged in a quantum Fermi gas have been thoroughly investigated as a diagnosis of manybody correlations near interspecies Feshbach resonances [31] [32] [33] [34] [35] [36] [37] [38] . For Fermi-Bose mixtures, anomalous dimers with tunable masses were emphasized and the leading effect of particle-hole fluctuations had been studied diagrammatically [39] . At the same time, for Fermi-Fermi mixtures various instability lines have been determined numerically by studying the dimer and trimer formation in a truncated Hilbert space and the role of anomalous dimers as well as a universal trimer was explored [18] . And very recently, Efimov states in a Fermi gas were studied in a few limiting cases and the spectrum flow has been obtained in the static-Fermi-sea approximation [40] . Logically speaking, these studies should form potential building blocks for constructing many-body states; they can also serve as a starting point for more systematic studies on the interplay between few-and many-body physics in cold gases near resonances.
In this paper, we take a further step along this direction hoping that our efforts to understand dressed bound states can shed more light on many-body pairing phenomena in mixtures. Particularly, we consider the limit of a single atom or a minority atom in resonance with majority Fermi atoms which form a Fermi sea. This minority atom can be either a fermion or boson although most of our discussions are in the context of a Bose atom resonating with a Fermi sea. We obtain the dispersion of dimers and investigate the Pauli blocking effect, the effect of fluctuating particle-hole pairs near the Fermi surface on the dimer energetics. These results should be applicable to quantum mixtures with extremely imbalanced population. We further examine the dimer dispersion near broad interspecies resonances for 6 Li-87 Rb [41, 42] , 6 Li-23 Na [19, 43] , 40 K-87 Rb [20] [21] [22] [23] [24] [25] [26] and 6 Li-40 K [ [44] [45] [46] that have been available in laboratories.
Our analysis on the dispersion of dimers further suggests that when the minority atom is very light, minoritymajority atoms near broad resonances would prefer to form dimers in finite-momentum channels that are energetically favorable. Although quantum mixtures of 6 Li-40 K, 6 Li-87 Rb, 40 K-87 Rb and 6 Li-23 Na so far studied in laboratories are not in this particular limit, we anticipate such a limit can be explored in future generations of quantum mixtures. More importantly, when combining the optical lattices and Feshbach resonances [24, 47] , one can achieve resonances with continuously tunable widths and locations [48] . By properly choosing laser intensities, or by using isotope selective optical lattices [47] , the ratio of band masses of Fermi-Bose atoms can be further continuously tuned over a very wide range. This leads to potential opportunities of studying the limit of light Bose atom.
The rest of the paper is organized as follows. In Sec. II, we introduce the model Hamiltonian for broad resonances and study the formation of dimers in a static Fermi sea. We analyze the effects of Pauli blocking on the dispersion of dimers, and illustrate that a kinematic effect in the limit of very light minority atoms favors finite-momentum dimers near broad resonances. We then present the results for quantum mixtures so far studied in laboratories. In Sec. III, we go beyond the static-Fermisea approximation to take into account various corrections due to particle-hole fluctuations near the Fermi surface of majority fermions. Our calculations indicate that the main effect of fluctuating pairs is to reduce the binding energy of dimers and also to disfavor the formation of dimers with total momenta close to k F . In Sec. IV, we discuss the limitations of our results, explore the implications on near-resonance quantum mixtures with a finite density of minority atoms and comment on various results [14, 15, 18, 39, 40] obtained in previous studies. We summarize the results and discussions in Sec. V.
II. ANOMALOUS DIMERS: PAULI BLOCKING EFFECT
We start with a single-channel Hamiltonian with a short-range interaction U bf that was introduced previously for a study of Fermi-Bose mixtures near broad resonances [39] ,
are creation (annihilation) operators for Fermi and Bose atoms respectively, and ǫ
are kinetic energies for fermions (bosons) and Ω is the volume. U bf is the strength of short-range interaction between fermions and bosons, and is equal to scattering lengths 2π 2 a/m R after regularization [39] (see also Appendix A). And
This single-channel model effectively describes near-resonance physics provided the resonance is broad enough; i.e., the effective range is much smaller than the Fermi wavelength [49] . 2(mB/mR) kF , (mB/mR) kF , respectively. Yellow (light gray) areas in the relative momentum kr space are for the blocked or occupied states and blue (dark gray) areas stand for states available for pairing near the threshold of the twobody continuum. (d) Energy dispersion of excited dimers for the mass ratio mB/mF = 0.05; shown in the inset is the part of dispersion for |Q| > kF . Shaded areas are for the two-atom excitation continuum. At 1/kF a = 0.326, the minimum of dispersion reaches zero energy at a finite momentum Qmin = 1.23 kF . Beyond this point, a dimer should appear in the ground state when a minority atom nearly resonates with a Fermi sea.
To get insight into pairing with a nonzero total momentum Q, we examine the dispersion for a two-body bound state of Fermi-Bose atoms with an arbitrary total momentum Q or a center-of-motion kinetic energy ǫ
The dispersion can be obtained by solving the two-body problem on top of a "frozen" Fermi sea of majority atoms. The resultant self-consistent equation is
Here W B (Q) is the energy of dimers with momentum Q, and is measured from the Fermi energy ǫ This equation can also be obtained by studying the scattering matrix in the presence of a Fermi sea; the pole of the T matrix on the real axis, if it exists, corresponds to a bound state with an infinite lifetime (see Appendix A). We find that Eq.2 is very similar to the well-known Cooper's solution to two attractive electrons on the top of a Fermi sea [50] . Note that the T matrix approach usually yields an additional contribution to the Cooper's original solution due to the inclusion of hole like configurations in the eigenvalue equation. However, since here we are dealing with a situation where only a single minority atom resonates with majority ones and there is no minority Fermi sea, in our case the hole like configurations do not contribute to the binding energy.
The presence of a Fermi surface leads to an anomalous dimer excitation spectrum when the scattering length is small and negative. Two interesting aspects of the dispersion are worth emphasizing. First, dimers with zero momentum appear in the form of excitations for arbitrary negative scattering lengths even when they are small in magnitude. On the contrary, dimers with a finite momentum can exist only when the scattering lengths exceed a critical value. In fact, due to the Pauli blocking effect, the threshold of two-body continuum for a total momentum Q is
This is different from the case in vacuum where
. As a result for Q = 0, one finds that the available density of states D 2b (E) for two-body scattering does not vanish when E approaches E th . When 0 < |Q| < mB mR k F , one finds that D 2b (E) always vanishes linearly as a function of energy E − E th , i.e.
The qualitative difference between D 2b (E) for the zeromomentum channel and for the finite-Q channels is schematically illustrated in Figs. 1(a) -(c). Note that near the threshold, the two-atom scattering states with zero total momentum Q = 0 are represented by the whole shell around the Fermi surface while the scattering states with finite total momenta only correspond to a small strip around the Fermi surface. The relatively low density of states near E th for finite-Q scattering puts a severe constraint on the formation of dimers with a finite momentum. And for a given negative scattering length, we find that dimers only appear in the spectrum up to a maximum total momentum. This is reflected in Fig.1 (d) in which the dimer dispersion ends up at a finite momentum and merges into the two-atom scattering continuum. Alternatively, one can conclude that to form a finite-momentum molecule, the value of (k F a) −1 has to exceed a minimum value as shown in Fig.2 .
Second, the dispersion minimum might locate at a finite center-of-mass momentum Q. And this is the case either when atoms are away from resonances with small negative scattering lengths or when Bose atoms are very light. In the former case, it is due to the decreasing threshold E th as the momentum Q increases from zero and therefore the energy of bound states below the threshold (see Fig. 1 ). In the latter situation, to form a molecule with zero total momentum Q = 0 Bose atoms need to be promoted at least to right above the Fermi surface resulting in a high energy penalty ǫ B F , while to form a molecule with total momentum near k F Bose atoms need not to be elevated. So energetically it could be more favorable to have molecules of Fermi-Bose atoms with a nonzero total momentum Q in this limit.
We have examined m ef f , the effective mass of extended dimers near Q = 0, as a function of scattering length a and the mass ratio m B /m F . At any small negative scattering length [−(k F a) −1 ≫ 1] or far away from resonances,
and it is indeed always negative. At scattering lengths a (I) where creation of a dimer with zero momentum costs no energy or W B (Q = 0) = 0, we find that and the dimensionless function
Note that m ef f in Eq.6 is an indicator of relevance or irrelevance of zero-momentum dimers when dimers start appearing in the ground state near resonance. And as far as m B /m F > 0.7 and the energy penalty ǫ B F is not too heavy, m ef f is positive, although it can be much bigger than the bare mass m T (= m F + m B ) as a result of dressing in the Fermi sea. In this limit, the dimer spectrum indeed crosses zero first at Q = 0 and a zero momentum dimer is expected to appear in the ground state. However, when m B < 0.7m F , the effective mass becomes negative, implying the relevance of dimers with finite momenta in the reconstructed ground state. Indeed we find that for small mass ratios, the minimum of the dispersion spectrum crosses zero first at a finite momentum Q min when approaching resonances from the side of negative scattering lengths. Going further beyond this point, one would expect that dimers with finite momenta Q min thus appear in the ground state for minority atoms resonating with a Fermi sea. Details are shown in Fig. 3 . In Figs. 4-5, we also present the results for dimers near a few broad interspecies resonances that have been studied in recent experiments. 6 Li-40 K atoms. mB/mF = 0.15 for a 6 Li atom nearly resonating with a Fermi sea of heavy 40 K atoms. Shaded areas are again for two-atom excitation continuum. At 1/kF a = 0.393, the minimum of dispersion reaches zero energy at a finite wave vector Qmin = 1.05kF .
III. EFFECT OF FLUCTUATING PARTICLE-HOLE PAIRS NEAR THE FERMI SURFACE
Besides the Pauli blocking effects, the energetics of bound states can be further modified by the dynamics of Fermi seas, or virtual particle-hole pairs near the Fermi surfaces, so the dimers are further dressed in fluctuating particle-hole pairs. One of the main effects of these fluctuating pairs is to renormalize the two-body interactions near the Fermi surface and therefore to modify the binding energetics of dimers as well as the dispersion. The fluctuating particle-hole pairs also lead to a decay of the dimer into either another lower energy dimer or two unbound atoms in the continuum and we will not discuss the decay in this paper [51] .
The main effect on two-body scattering and therefore the dimer binding energy is illustrated in Fig.6 , both schematically and diagrammatically. Consider a general situation where the density for minority atoms or Bose atoms is finite but much smaller than the density of majority Fermi atoms [52] . Three classes of particle-hole pair fluctuations contribute:
(A) A majority Fermi atom is first excited from below the Fermi surface to above by the incoming colliding minority Bose atom; the Fermi hole is later filled by the incoming Fermi atom that simultaneously scatters the minority Bose atom to its final state.
(B) A minority Bose atom is excited from the condensate by the incoming colliding majority Fermi atom; the Bose hole is later filled by the incoming Bose atom that simultaneously scatters the Fermi atom to its final state.
(C) A majority Fermi and a condensed Bose atom are excited with holes left behind filled in later by the incoming majority Fermi and minority Bose atoms.
A-and C-class processes involve exchange of virtual Fermi particle-hole pairs; i.e., a second majority Fermi atom has to be ejected out of the Fermi sea; they both have an additional negative sign with respect to the processes in class B (see Fig. 6 ) or the direct processes without virtual particle-hole pairs. One can also carry out a parallel analysis on a Fermi-Fermi mixture by replacing a condensate with a Fermi sea of minority atoms. In that case, the processes in the A-class or B-class will have a different sign with respect to the processes in the C-class as well as the direct scattering. And in the limit of a single minority atom that we are going to focus on or when the minority atom density vanishes, only the processes in the A-class contribute.
To understand this particular energetic effect of fluctuating particle-hole pairs, we study the T matrix including vertex corrections due to these fluctuating pairs. The technical details of this part are summarized in Ap- Because of the Fermi exchange statistics, the amplitude of the (e) process has an additional negative sign with respect to that of the direct process (d) as well as that of the (f) process. In the single-minority-atom limit, only A-class and the direct processes contribute; the dashed line can also represent a minority Fermi atom in this limit.
pendix B. Scattering with the Fermi sea effectively takes momenta away from the incoming minority atom of the dimer to create virtual particle-hole pairs. This virtual process crucially depends on the initial and final relative momentum between the two atoms in the dimer. This can been illustrated via a momentum flow chart in Eq. (8) for two incoming atoms with the total momentum Q and relative momentum k scattered into two outgoing atoms with the same total momentum but different relative momentum k ′ through colliding with the Fermi surface.
where |F.S. > is introduced to represent the Fermi sea of majority fermions; the virtual state energy explicitly depends on Q, k, k ′ . So with the particle-hole fluctuations, the T matrix not only depends on the total momentum Q but also the relative momentum k and k ′ . Effectively, the fluctuating pairs mediate an interaction with a finite range.
One of the ways to estimate these effects is to introduce an effective scattering length (see Appendix B for details). The effective scattering lengthã can be expressed asã
Hereã differs from the free space scattering length a due to the particle-hole pair fluctuations. And k F R represents the lowest order vertex correction induced by fluctuating particle-hole pairs near a Fermi surface (or in condensates if a finite density of minority Bose atoms are present, or both) as shown in Fig. 6 (see also Appendix B). This correction is analogous to the vertex corrections discussed for zero-momentum pairing in fermion superfluids by Gor'kov and Melik-Barkudarov [53] . We shall denote this correction as the GMB vertex corrections (see also [52] ) in the following discussion. Here we have carried out a detailed diagrammatic analysis on the GMB correction in finite-Q channels. We obtain the momentum dependence of induced scatterings and summarize the main results below. As a remark, we find that in the limit of heavy minority atoms (large mass ratio m B /m F ), the R function for two-atom scattering with zero total momentum is
We use natural logarithmic functions with base e here and throughout the paper. This logarithmic divergence in the large-mass-ratio limit can be attributed to the very heavy dressing of a zero-momentum dimer in virtual particle-hole pairs near the Fermi surface. One can also demonstrate that this has the same origin as the Anderson's infrared catastrophe in a quantum impurity problem [54] . We have numerically found that for scatterings near the threshold of two-particle continuum, the exchange processes in the A-class described above always induce an effective repulsive interaction. So the fluctuating particlehole pairs in this case effectively screen or reduce the interspecies attractive interactions in all channels of momenta Q (see Fig.7) . Furthermore, the magnitude of the corrections to the effective two-atom scattering strongly depends on the total momentum Q of the scattering atoms. This can be demonstrated by explicitly examining two cases: Q = 0 and Q = k F in the limit of light minority atoms, i.e., when the energy of virtual states is dominated by the minority atom. For a pair of minority and majority atoms in the Q = 0 channel, or with momentum ( k, − k), it requires that the minority atom momentum be close to k F because of the Pauli blocking effect. Consider such an incoming minority atom with momentum k colliding with the Fermi surface popping up a pair of particle-hole excitation. The intermediate virtual state with total energy ǫ v , and total momentum k consists of an outgoing minority atom and a particlehole pair of majority atoms. This energy ǫ v can be either larger or smaller than the energy of the incoming minority atom ǫ 
A more elaborated examination along this line can be carried out in Appendix B. There we show that for all virtual states involving a hole like excitation of momentum l, the most dominating contribution to the overall vertex correction is always from the state with l ≃ k F Q/|Q| so that the energy difference between the virtual state and the initial state is minimum. We can further introduce an effective group velocity for virtual states involving a hole like excitation with momentum as l, ∂ǫ v (l)/∂l. For the scattering near the threshold of the two-body continuum, this velocity turns out to be proportional to m R /m B Q − k F . In the limit of light minority atoms, i.e., the reduced mass m R approaches m B , the dominating virtual states appear softest near Q = k F , consistent with the above qualitative argument based on interference effects. In general, formation of bound states near Q = (m B /m R ) k F is disfavored by the fluctuating particle-hole pairs. For this reason, the vertex correction to two-body interactions due to the creation of particlehole pairs is relatively small near small and large total momentum, and peaks near Q = k F in the limit of light minority atoms. This is confirmed in our numerical evaluations of R. So fluctuating particle-hole pairs favor the formation of dressed bound states with Q away from k F , over the dimers with Q ≃ k F . Note that although we arrive at this conclusion by considering only the lowest order corrections, we conjecture that this is generically true as far as the effective group velocity for the hole like excitations has a minimum near Q = k F . The position of the peak in Fig.7 in our opinion correlates with the threshold minimum where the screening effect is usually the strongest.
The problem of two-atom scattering near Q = k F is closely related to the spin polaron in cold gases that has been discussed quite extensively in the recent literature [31] [32] [33] [34] [35] [36] [37] [38] . In our calculation, we also see a transition from a polaron to dimer when approaching the res-onance from the negative-scattering-length side. We refer the readers to those publications for more elaborated discussions on the spin polaron. However, we should also emphasize that although the physics of the spin polaron itself is an interesting subject, to understand the nature of the ground state of a single minority atom; or the general pairing correlations in quantum mixtures near resonances, it is necessary to study the whole dimer spectrum. This is because as we have seen before, the minimum of the dispersion can occur at any momentum depending on the mass ratio mB mF . The minimum location Q min generally differs from Q = k F or Q = 0. Only for a certain range of mass ratios, scatterings near Q = 0 or Q = k F set the overall instability of a unpaired minority atom. 
IV. IMPLICATIONS
The dispersion obtained for an individual minority atom having interspecies resonance with majority Fermi atoms that form a Fermi sea can be applied to identify the instability point[55] for an extremely imbalanced quantum Fermi-Bose or Fermi-Fermi mixture beyond which the weakly interacting mixtures become unstable. Below we assume the minority species can be either Fermi or Bose atoms with densities much lower than that of majority atoms.
The instability point corresponds to the scattering length at which the dispersion of anomalous dimers touches zero or the energy cost of creating a dimer becomes zero. Since the minimum in the dimer dispersion can be either at Q = 0 or Q = 0, it is implied that the instability might be driven by formation of dimers with either Q = 0 or a finite Q.
We summarize the results of the dispersion for different mixtures in Fig. 8 , and the instability for different mass ratios in Fig. 9 Since the fluctuating particle-hole pairs near the Fermi surface reduce the binding energy of dimers, the formation of a dimer in the ground state for a minority atom and a Fermi sea of majority atoms occurs at a higher critical value of 1/k F a when crossing the resonance from the side of negative scattering lengths. The second effect of fluctuations here appears to destabilize dimers with finite momenta near k F , because of the peak structure in the vertex corrections. This is qualitatively consistent with the results in Fig. 9(b) : The vertex corrections suppress the area of the region where Q min is finite.
For the case of equal-mass interspecies resonance, the mean field calculation with a static Fermi surface yields a critical value, (k F a) −1 = 0.24; fluctuations of particlehole pairs correct the mean field instability point leading to a modified critical value (k F a) −1 = 0.34. Compared to (k F a) −1 = 0.88, the critical value obtained via the diagrammatic quantum Monte Carlo [34] that has so far been done only for the equal-mass case, our approximation yields a qualitative correct account of the main effects of fluctuations but quantitatively underestimates the effects of fluctuations. And in our diagrammatic approach, for mass ratios (m B /m F ) less than 0.135 a dimer with finite Q appears in the ground state for a minority atom resonating with a Fermi sea of majority atoms at a critical value of scattering length a. This is close to 0.15, the numerical result obtained in a truncated particle-hole pair subspace [18] . However for this critical mass, the critical scattering length at which a dimer starts forming in the ground state is predicted as (k F a) −1 = 0.62 in our approach while in Ref. [18] , (k F a) −1 is close to a larger value of 1.7. It remains to be understood what happens beyond the instability line identified in Fig.9 and what is the nature of the transitions if there are any [56] . For FermiBose mixtures, an earlier attempt was made to understand dimer correlations beyond a critical line [29] that was obtained when the scatterings in finite-Q channels were not included. However, the appearance of finitedensity fermion dimers in the ground state beyond the critical line was not properly taken into account in analyses. This complication and more importantly potential dimer-dimer and atom-dimer interactions about which we know very little make a thorough study in this limit extremely challenging. The second issue is how dimers in a finite-|Q| channel compete against other structures with higher order correlations. For instance, it was also proposed that for two-dimensional Fermi-Fermi mixtures with extremely small mass ratios less than 0.01 [15] , a crystal structure can further develop at exponentially low temperatures. This question perhaps can be best addressed by numerically taking into account various fluctuations. On the other hand, we remark that LOFF states have been suggested in Fermi gases near resonances. For Fermi-Fermi mixtures with equal masses, Bulgac et al. suggested that the ground state can be a pairing state that breaks translational symmetries [14] . Recently, it was also argued that LOFF states appear on the molecular side of resonances in almost fully polarized Fermi gases but only for nonequal masses; in addition, a trimer phase was also proposed [18] . It remains to be clarified the connections between different results obtained in Ref. [15] , Ref. [14] and Ref. [18] . In Ref. [39] , the authors first investigated the anomalous dispersion of molecules in Fermi-Bose mixtures and estimated the effect of fluctuating particle-hole pairs on the formation of dimers. The authors then proposed a first-order phase transition between the noninteracting ground state and a fully paired state analogous to the BCS one. Dukelsky et al. [57] correctly pointed out that a string factor was missing in the energetic analysis of the first-order phase transition. The correct form of the energy function should be
Here the string product is carried over states between k and k ′ in the trial wave function given in Eq. (5) in Ref. [39] . In the previous calculations, the string product was indeed overlooked and its effect was not properly taken into account. The string factor modifies the interaction energy via inducing a rapidly alternating sign when the momentum varies, and more importantly unless the distribution function is strictly the Fermi-Dirac function, the string product should be equal to zero in the thermodynamic limit where there are an infinite number of states between the two open ends of the string. For this reason, the energy of the proposed pairing states near the first-order phase transition was erroneously underestimated and within this mean field approximation with the string product properly taken into account, one is no longer able to show that there is a first-order phase transition to the proposed pairing state as argued in the previous Letter [39] . In Ref.
[57], the Richardson solution has also been further utilized to argue the nonexistence of collective states below the energy of zero-momentum molecules. It was pointed out that Fermi-Bose molecules are noninteracting in the reduced pairing model employed there; in that reduced Hamiltonian that differs from the full scattering Hamiltonian [see Eq. (1)] introduced here, scatterings in all finite-Q sectors are completely suppressed. So the result of the nonexistence of lower collective modes, although it is a feature of the reduced Hamiltonian, might not be a property of cold atoms near Feshbach resonances. In fact, one can show that the second-order commutator-anticommutator for composite molecules does not vanish when the full Hamiltonian in Eq.(1) rather than the reduced pairing model is considered [58] . Two-body scattering with a finite total momentum Q that was neglected in the reduced pairing Hamiltonian induces significant dimer-atom or dimer-dimer scatterings as well as scatterings between a dimer and a Fermi sea. In Fermi-Fermi mixtures, the finite-Q scattering also plays a critical role in dimer-atom or dimer-dimer scattering near resonances. The dimer or molecule dynamics near resonance can be understood when these scatterings are properly taken into account. For this reason, the issue of low-lying collective modes of the molecules remains an open question and can be addressed when the physics beyond the Richardson-solution is considered.
In summary, to understand the physics beyond the instability line, it is essential to include the two-body scattering with a finite total momentum Q when locating the critical scattering length for the molecule dispersion can be quite anomalous and its mass near Q = 0 can be negative either when far away from resonance or when the minority atom is very light. In the latter case, one can show that Fermi-Bose molecules with finite momenta should first appear in the ground state because Q = 0 molecules are energetically unfavorable; the instability of the noninteracting ground state is therefore driven by scatterings in finite-Q sectors rather than two-body scattering processes in the reduced pairing Hamiltonian, which excludes two-atom scattering with finite Q.
V. CONCLUSION
In conclusion, we have investigated dressed dimers in quantum mixtures and carried out thorough studies of energies of dimers in finite-Q channels. Our calculation suggests that in the limit of light bosons, dimers with a finite momentum Q are most relevant for the ground state for a minority atom resonating with a Fermi sea of majority atoms. There are two open issues that need to be understood in the future, most likely beyond the framework of the approach here. One is the role of threebody correlations in quantum mixtures. Following a general argument by Efimov, when m B /m F mass ratios are smaller than 0.145, trimers involving two heavy majority Fermi atoms should form in vacuum [59] . However, threebody dimer-atom resonances induced by trimers generally are much narrower than two-body resonances and contributions from Efimov physics to the two-body effective interactions can be smaller than the universal corrections that originate from collective excitations [53] which we have taken into account in this article. This was previously noticed in the studies of Fermi-Fermi mixtures [16] . In this limit, one should expect that trimers have relatively weak effects on the physics in two-body channels and that dominating effects in the dimmer channel discussed above can survive these higher order corrections.
A related and perhaps more important question is under which conditions three-body correlations are dominating and an additional trimer channel has to be added to the discussion on many-body physics. How trimers mediate additional strong scattering between dimers or dimer and atoms and lead to nontrivial higher order many-body correlations represents one of the most challenging issues we face now and remains to be studied in the future. The answer to this question should depend on short-distance behaviors of Efimov potentials and would therefore be nonuniversal. Our results about dimers should be relevant whenever these nonuniversal higher order correlations are insignificant, and the fraction of atoms forming trimers is small. To determine the molecular excitation energy in a Fermi sea of majority atoms, we look at the T matrix for the minority-majority scattering. Diagrammatically it is the skeleton diagram (without the external propagators) of the following time-ordered two-particle propagator:
where |F.S. stands for the Fermi sea of majority atoms. An isolated pole of T in the energy space represents a dimer excitation. The pole could be either on the real axis or in the lower complex half plane; in the latter case the dimer has a finite lifetime. Note that the above time-ordered propagator is zero when t < 0, because one cannot create a hole excitation of minority atoms.
In the following we use the ladder approximation to calculate T as shown in Fig.10 . The rung of each ladder is the Γ function or the irreducible two-body interaction vertex, and the side rails are Green's functions of majority and minority atoms. One can write down the Bethe-Salpeter equation to include all the ladder-like diagrams as the following:
where we have introduced a shorthand notation (1, 2) to denote the incoming and outing states. Here G F (G B ) are bare Green's functions for majority(minority) atoms defined as, G −1
In the leading order approximation, we have Γ(1, 2) = U bf , and one can further integrate over ω 3 . The result is
The energy of a dimer is determined from the condition that T becomes divergent when E approaches W B (Q):
The last term in Eq. (A6) was introduced to regularize the ultraviolet divergence. The integral in Eq. (A6) can be evaluated analytically for an arbitrary value of W B (Q). And the result for the bound-state solution when W B (Q) < E th (Q) is
From the above expression one can find the effective mass of the molecule m ef f defined as
The effective mass at the instability point given in Eq. (6) is obtained by setting W B (Q = 0) = 0 or y = x = mR mB . One can also find out that the effective mass is always negative in the limit where 1 kF a → −∞ by studying the asymptotics when y → 1 − 2 exp π kF a :
Appendix B: Effective scattering lengthã From T matrix Method
In this section we use the T matrix method to study the effects of fluctuating particle-hole pairs near Fermi surface. Our analysis shows that in the limit of small k F a, the effects due to particle-hole fluctuations can be captured by introducing an effective scattering lengthã asã
, where the function R represents the lowest order vertex correction. Similar quantities such as effective interactions have been introduced before [52] , to address effects of particle-hole fluctuations in zero-momentum pairing physics. The T matrix method used here provides a unified description for dimers of different momenta and energies, and can be further extended to near resonances [51] . In the following we first show how to obtain Eq. (B7) for dimer's energy by examining the pole structure of the T matrix. Then we show how to obtain Eq. (B15) where an effective scattering length emerges.
We start from Fig.10(b) , where we include the leading order term Γ C (1, 2) as
Here Γ C (1, 2) corresponds to exactly the type-A virtual process discussed in the main text. Note that in Γ C (1, 2) we replace the renormalized interaction vertex (which is a sum of diagrams with bare interactions) for particles or holes near the Fermi-surface by two-body scattering amplitude in vacuum, i.e.,
mR . This is justified in the limit of small k F a; such a replacement will not change function R, but only leads to inaccuracies in higher order terms. With Eq. (A4) one can write down the corresponding Bethe-Salpeter equation:
The above equation defines an infinite series implicitly in terms of U bf and Γ C . It is not hard to regroup terms in the series according to the powers of U bf and sum them up in the following way as
We can assume that the series in the curly brackets and φ M are convergent, based on the estimation that each term is at most of order (k F a) compared the preceding term. Then the pole in the T matrix is completely determined by the denominator, and the dimer's energy E should satisfy the following equation:
Here in Eq. (B7) we have only kept leading order terms, and we have further integrated over frequencies ω 3 and ω 4 . Compared to Eq. (A5) for the static Fermi sea, the above equation is very similar except for an additional triplemomentum integral due to particle-hole fluctuations. We start to analyze this triple integral by examining the range of various denominators. We first notice that ǫ
Q+l−k−p − E represents the energy difference between the dimer and virtual processes, and hence can be either positive or negative depending on the values of k, p, l (one exception is at E = 0, the denominator is always positive for all possible k, p, l). On the contrary, the other two denominators, i.e., ǫ − , these two denominators can be very close to zero as the binding energy is small. These unique features suggest that the value of the triple integral mainly depends on the value of |l|<kF (ǫ
+ ) −1 when k and p are near the two-body continuum threshold; i.e., |k| = |p| = k F (so-called "back-to-back scattering") for Q = 0, and k ≃ p ≃ k F Q/Q (so-called "forward scattering") for finite Q. Based on these considerations, one can introduce a step function approximation to simplify the dependence over k and p,
HereΓ C is a constant independent of p and l. It is natural to chooseΓ C to be the value for "back-to-back scatterings" or "forward scatterings" as Γ C (Q = 0, E) = dΩ nq 4π
where n p and n q are unit vectors. The effective cutoff Λ C specifies the k or l dependence of the integral in Eq. (B8), and is estimated to be a few k F s in our case. In the following we will see that the specific value of Λ C does not enter into the leading order correction. The triple-momentum integral thus can be simplified as
Here Θ(x) is the unit step function. In Eq. (B12) we approximate E to be the mean field solution so that the first sum is − R is large compared to the binding energy.
With Eq. (B12), Eq. (B13) and Eq. (B7), one arrives at the main result of this section,
where the effective scattering lengthã and the function R are
Several remarks about the effective lengths. FirstΓ C is usually a complex number, with its real value leading to dimers' energy shift, and imaginary part relating to dimers' decay or finite lifetime. Here we only include the real part to obtain the energetics. Second, effective scattering lengths usually depend on energy and momentum of the pair, and we have plotted the R function for different Q and E in Fig.7 . In the k F a → 0 − limit when dimers are shallow, one can neglect the energy dependence and simply set R = R(Q, E = E th (Q)). To extrapolate our result to near resonances, we obtain W B (Q) by solving Eq. (B15) self-consistently, and the results are shown in Fig.7(b) and Fig.8 .
In the limit of large k F a, the above ansatz in Eq. (B16) remains correct, although the estimate ofΓ should include many other higher order vertex corrections which are not included in the irreducible diagrams shown in Fig.10 and is therefore more involved. Nevertheless, we expect that the diagrams in Fig.10 capture the most relevant qualitative aspect of particle-hole fluctuations. We therefore extrapolate this result to the unitary limit and apply it to atoms near interspecies resonance in Sec. III. Note also that for the dimer energetics in zero-or small-Q channels, the vertex correction appears in the lowest order and is the most dominating effect of particle-hole fluctuations. In this limit, the self-energy effect (i.e., the effective mass, the residue of the Green's function) of the minority particle appears in a higher order in terms of k F a. The renormalized chemical potential does not play an important part in the discussion of the dimer; it gives an overall shift of the two-body continuum as well as the dimer's energy. We plan to study high-order effects in the future.
